It was found that the periodic change of the solution viscosity and density was generated in the Belousov-Zhabotinsky ͑BZ͒ reaction. This rhythmic phenomenon was observed in both the iron catalyst ͕͓Fe(Phen) 3 ͔ 2ϩ -͓Fe(Phen) 3 ͔ 3ϩ ͖ and the cerium catalyst ͓Ce͑III͒-Ce͑IV͔͒ system, where the solution viscosity and density were synchronized with the redox potential in the in-phase mode. However, the time delay existed between the redox potential and the solution viscosity and density. The behavior of the BZ reaction was also monitored in the presence of the nonionic surfactant. This experiment revealed that, beyond the critical micelle concentration, the phase between the redox potential and the solution viscosity and density was synchronized into the antiphase mode. We suggested that the variation of the catalyst drove the oscillation of the solution viscosity and density in the BZ reaction.
I. INTRODUCTION
The Belousov-Zhabotinsky ͑BZ͒ reaction is one of the most thoroughly investigated oscillating chemical reactions. The BZ reaction exhibits a wide variety of nonlinear phenomena, e.g., target pattern or spiral pattern in an unstirred shallow solution, and multistability, periodicity, multiperiodicity or deterministic chaos in a stirred solution. [1] [2] [3] The chemical wave in the unstirred shallow solution of the BZ reaction has features that differ significantly from the familiar reaction-diffusion wave, because the convective mass transport plays a relevant role. The effects of the convection on the propagation of the chemical wave have been observed experimentally. 4 -6 The convection enhances the chemical wave speed and affects the curvature of the front. The natural convection disturbs a traveling wave and the disturbed wave affects a convection pattern. This hydrodynamic effect is strongly affected by the solution viscosity and density. Recently, it has been reported that, in the unstirred batch system, the solution viscosity and density of the BZ reaction behaved as a bifurcation parameter for the sequence chaos→quasiperiodicity→period-1 and, in the stirred batch system, affected the oscillation period and the duration of the rising portion of the oscillatory cycle. 7, 8 It is obvious that the solution viscosity and density of the BZ reaction plays an important role in the spatial and the temporal patterns. However, the solution viscosity and density of the BZ reaction is not still measured directly. In the previous experiments, 4 -8 the effects of the solution viscosity and density were monitored by the variation of the redox potential and the absorbance. Therefore, it is very important to monitor directly the behavior of the solution viscosity and density on the BZ reaction. In this paper, we present the new method to measure the solution viscosity and density of the BZ reaction. In this method, we employ the quartz crystal microbalance ͑QCM͒. When the QCM is immersed into a solution, its oscillating frequency shifts depending on the solution viscosity and density, ͱ L L ( L is the absolute viscosity of a solution and L is the density of a solution͒. [9] [10] [11] [12] [13] This characteristic feature enables us to measure the time series of ͱ L L of the BZ reaction. In the present experiments, we measure in the stirred system the redox potential and ͱ L L of the BZ reaction at the same time. We also investigate the variation of the behavior of the BZ reaction due to an increase of the solution viscosity and density. The schematic diagram of the experimental setup is illustrated in Fig. 1 . The BZ reaction was performed in the 25 ml batch reactor. The batch reactor was covered with the water jacket. The temperatures were kept at 25Ϯ0.1°C in the iron catalyst system and at 35Ϯ0.1°C in the cerium catalyst system. The BZ solution was stirred by the magnetic stirrer bar. The redox potential of the BZ reaction was measured using the Pt-Ag͉AgCl electrode ͑HORIBA 6861-10C, Japan͒, where the Ag͉AgCl reference electrode was in contact with the solution of the BZ reaction through the KCl solution. The Pt-Ag͉AgCl electrode was connected to the IBM-compatible PC through the voltage follower.
II. EXPERIMENT
In general, the viscosity and the density of the solution change at the same time. In case of the BZ reaction, the frequency shift of the QCM (⌬F) is mainly caused by the viscous penetration depth generated on the oscillating QCM, that is, ͱ L L . 12, 13 In order to monitor ͱ L L of the BZ reaction, the 9 MHz AT-cut QCM ͑Kyushu Dentsu, Nagasaki, Japan͒ was employed. The QCM had the configuration of the round of an 8 mm diam and a pair of the round gold electrodes of a 5 mm diam. The QCM was connected into a series resonant TTL circuit, which caused the QCM to oscillate at the resonant frequency near 9 MHz. The TTL circuit was powered from a 5 V dc supply. The resonant frequency was monitored by the universal frequency counter ͑HP 53131A͒ connected to the PC measuring the redox potential.
In the present experiments, the one side of the QCM was sealed with a blank quartz crystal casing ͓Fig. 1͑b͔͒, maintaining it in an air environment, while the other side was contacted with the solution of the BZ reaction. This casing is essential for the frequency stability of the QCM in an ionic solution.
14 The one-face sealed QCM was vertically immersed into the BZ reaction ͓Fig. 1͑a͔͒.
III. RESULTS AND DISCUSSION
First, we investigated the redox potential and ͱ L L of the iron catalyst system of the BZ reaction. Figure 2 shows the time series of the redox potential (⌬E) and the frequency shift (⌬F, that is, ͱ L L ), and the ⌬E -⌬F phase portrait.
It is obvious that ⌬F varies in a rhythmic manner, synchronized with the oscillation of ⌬E: when the redox potential is high ͓the ratio of the Fe͑III͒ complex to Fe͑II͒ complex is high͔, ͱ L L is high. Furthermore, it is also found that when ⌬E increases drastically, ⌬F increases after a delay of about 1-3 s. In both ⌬E and ⌬F, the average period of the oscillation is 35.6 s. The average amplitudes of ⌬E and ⌬F are 55.5 mV and 221 Hz, respectively.
Next, we examined the cerium catalyst system of the BZ reaction. Figure 3 profiles the time series of ⌬E and ⌬F. This result indicates that ⌬E and ⌬F are synchronized into the in-phase mode, where there is slight time lag of about 1-3 s between ⌬E and ⌬F. This tendency is the same as that of the iron catalyst system. The average period of the oscillation is 100.2 s in both ⌬E and ⌬F. The average amplitudes of ⌬E and ⌬F are 82.3 mV and 15.1 Hz, respectively. Figure 3͑a͒ also shows that the oscillation of ⌬F has the trifling noise. This noise may be caused by the bubble generated by the BZ reaction, or may be that the increased effect on the QCM output seen in the iron catalyst system as compared to the cerium catalyst system results from the relatively larger exothermicity of the oxidation of ͓Fe(Phen) 3 ͔ 2ϩ to ͓Fe(Phen) 3 ͔ 3ϩ by bromate ion than the oxidation of Ce͑III͒ to Ce͑IV͒.
In both the iron catalyst and the cerium catalyst system, we were able to observe the periodic change of ͱ L L using the one-face sealed QCM. Generally, when the QCM is dipped into a solution, its oscillating frequency depends on ͱ L L . The relationship between the resonant frequency shift of the one-face sealed QCM and ͱ L L is described by the following equation:
where ⌬ f is the resonant frequency shift due to a solution viscosity, f 0 is the resonant fundamental frequency of a quartz crystal, is the immersion angle, is the shear modulus of a quartz crystal, the densities of a quartz crystal. Equation ͑1͒ quantitatively explains the relationship between the resonant frequency shift and the viscosity and density of a Newtonian fluid. From Figs. 2͑a͒ and 3͑a͒ , the average amplitudes of ⌬F are about 221 Hz in the iron catalyst system and about 15.1 Hz in the cerium catalyst system, respectively. Therefore, using Eq. ͑1͒, we attempted to convert ⌬F into the concentration of the sucrose at ϭ90 and 20°C. This attempt revealed that ⌬Fϭ221 and 15.1 Hz corresponded to about 4 and 0.3 wt. %, respectively.
Here, we discuss the reason of ͱ L L oscillation in both the iron catalyst and the cerium catalyst system. In the BZ reaction, the oscillating materials are the intermediates and the catalysts. This allows us to consider that the intermediates or the catalysts bring about the periodic oscillation of ͱ L L of the BZ reaction. On the other hand, it was reported that the oscillation of the surface tension of the BZ reaction was mainly caused by the variation of the electric charge of the catalyst. 16 In addition, in the present experiments, it is clear that ͱ L L is high when the redox potential is high, that is, when the concentrations of ͓Fe(Phen) 3 ͔ 3ϩ and Ce͑IV͒ are larger than those of ͓Fe(Phen) 3 ͔ 2ϩ and Ce͑III͒, respectively. These facts suggest that the decrease in the electrostriction resulting from loss of a proton may be greater than the increase resulting from the oxidation of the heavily sulfato-complexed ͓Fe(Phen) 3 ͔ 2ϩ and Ce͑III͒ to ͓Fe(Phen) 3 ͔ 3ϩ and Ce͑IV͒. The electrostriction of the catalyst may not induce the density dependence of the viscosity of the solution of the BZ reaction, because its catalyst con- centration is very small. However, the change of the electric charge of the catalyst induces the variation of the interaction between the catalyst and its surrounding water. This leads to the rearrangement of the water molecules surrounding the catalyst molecules. The electrostriction may mainly generate the variation of the solution density and the electric charge may mainly induce the variation of the solution viscosity. In comparison to the iron catalyst system, ⌬F of the cerium catalyst system is very small. This phenomenon may be dependent on the degree of the decrease of the catalyst electrostriction and the number of the water molecules rearranged due to the variation of the electric charge of the catalyst. It is obvious that the oscillation of the solution viscosity and density is mainly generated by the chemomechanical coupling utilizing the oscillating process of the chemical reaction.
We also describe the phase delay between ⌬E and ⌬F. The change of the electric charge of the catalyst induces the catalyst electrostriction and the water rearrangement on the molecular scale. Next, those changes on the molecular scale are propagated to the bulk scale. On the other hand, The QCM measures the solution viscosity and density on the macroscale. That is, this propagation may cause the time delay of a second level between ⌬E and ⌬F.
We also investigated the behavior of ͱ L L of the cerium catalyst system in the presence of the nonionic surfactant ͑Triton X-100͒. At the surfactant concentration below the critical micelle concentration, no significant change occurred. However, the behavior of the BZ reaction was greatly affected beyond the critical micelle concentration. Figure 4 shows the time series of the BZ reaction in the presence of 0.9 mg of the Triton X-100, where the Triton X-100 forms the micelle. The average period of the oscillation is 137 s in both ⌬E and ⌬F. The period of the oscillation obviously increases in the presence of the Triton X-100. The average amplitudes of ⌬E and ⌬F are 73.3 mV and 88.2 Hz, respectively, where ⌬Fϭ88.2 Hz corresponds to about 1.5 wt. % of the concentration of the sucrose at ϭ90 and 20°C. In comparison to Fig. 3 , it is clear that the addition of the nonionic surfactant increases ͱ L L and slightly decreases ⌬E. However, the drastic transition took place in the phase between ⌬E and ⌬F. We are able to confirm from Fig. 4 that ⌬E and ⌬F are synchronized with the antiphase mode, that is, when ⌬E increases, ⌬F decreases. This may be caused by the micelle formation and disappearance, because we observed the phenomenon that the micelle appeared in the high redox potential and disappeared in the low redox potential.
In the present paper, we indicated that ͱ L L of the BZ reaction varied periodically using the 9 MHz AT-cut QCM. In this case, ⌬F of the cerium catalyst system was small. However, the sensitivity is easily enhanced using the QCM of the higher fundamental frequency, e.g., 30 MHz. The sensitivity of 30 MHz is 2.2 times larger than that of 9 MHz. It is also to be noted that our presented method is able to directly measure the chemomechanical coupling utilizing the oscillating process of the chemical reaction. The QCM method may explicit the relationship between ͱ L L and the convection accompanied with the propagation of a chemical wave. In addition, the relationship between ͱ L L and the exothermicity of the oxidation of the catalyst may also be important. We are now studying the relationship between ͱ L L and the chemical reaction in more detail.
